The purpose of this study is to install a system that compensated for the respiration motion using an articulated robotic manipulator couch which enables a wide range of motions that a Stewart platform cannot provide and to evaluate the performance of various prediction algorithms including proposed algorithm. For that purpose, we built a miniature couch tracking system comprising an articulated robotic manipulator, 3D optical tracking system, a phantom that mimicked respiratory motion, and control software. We performed simulations and experiments using respiratory data of 12 patients to investigate the feasibility of the system and various prediction algorithms, namely linear extrapolation (LE) and double exponential smoothing (ES2) with averaging methods. We confirmed that prediction algorithms worked well during simulation and experiment, with the ES2averaging algorithm showing the best results. The simulation study showed 43% average and 49% maximum improvement ratios with the ES2-averaging algorithm, and the experimental study with the QUASAR TM phantom showed 51% average and 56% maximum improvement ratios with this algorithm. Our results suggest that the articulated robotic manipulator couch system with the ES2averaging prediction algorithm can be widely used in the field of radiation therapy, providing a highly efficient and utilizable technology that can enhance the therapeutic effect and improve safety through a noninvasive approach.
However, drawbacks of this method are the prolonged treatment time and a low duty cycle, normally of <30%. 2, 3) Irregular breathing or baseline shifts also reduce the accuracy of gating. 4) Unlike the breath-holding and gating techniques, real-time tumor tracking with a dynamic multi-leaf collimator (DMLC) enables a 100% duty cycle and allows the patient to breathe freely, but a limitation is the delay in leaf positioning when the direction of tumor motion has a component perpendicular to the direction of leaf motion. This DMLC tracking technique best maintains tracking performance when the tumor and leaf motions are in a similar direction. 3) However, studies have shown that lung tumors can move several centimeters in any direction during irradiation, regardless of the tumor size, location, and pulmonary function. 5) Thus, couch-based real-time correction methods are being studied by many groups. Real-time tumor tracking via couch control involves detecting respiratory motion and dynamically repositioning the treatment couch to track the tumor's changing position. Because of difficulty in detecting the tumor itself, surrogate markers (external fiducials on the skin surface or internal fiducials directly implanted into the tumor) are used. Effective prediction algorithms predict the displacement of the marker, including compensation for the latency between the mea surement and robot operation. Many prediction algorithms have been studied and published, including the Kalman filter, [6] [7] [8] artificial neutral networks, 6, 9) probabilistic approaches, 10) the autoregressive moving average model, 11) the multi-step linear method, 12) and wavelet-based multiscale autoregression. 13) Most of the previous studies implemented a parallel robotic manipulator, which consists of a rigid body top plate, connected to a fixed base plate and is defined by at least three stationary points on the grounded base connected to six independent kinematic legs. It is also known as the Stewart platform, where all the actuators move simultaneously. PerfectPitch TM 14) However, the Stewart platform couch itself has physical limits on its motion, corresponding to 3~4 cm in each of the three physical dimensions; once a limit is reached, the couch simply cannot move any further, even though it is enough to cover the organ movement. 15, 16) In this study, therefore, we built a miniature couch tracking system comprising an articulated robotic manipulator enables a wide range of motions that a Stewart platform cannot provide. We performed simulations and experiments for investigating the feasibility of the system and proposed ES2-averaging prediction algorithms.
Materials and Methods
Main components of a treatment couch-based real-time motion compensation system are the tracking system, robot controller, and articulated robotic couch. Fig. 1 shows a schematic illustration of such a system.
General setup 1) An optical 3D tracking system
An optical 3D tracking system was used to simultaneously track the motions of a phantom that mimicked respiratory motion and a robotic couch. To achieve this, external markers were placed on the phantom and couch.
If a passive-type infrared reflective marker was attached to an object, the tracking system could determine its relative coordinates by measuring the signal reflected from the object. We used Polaris Spectra TM (NDI Medical, Canada) as the tracking system; this is a proven device that has been tested and used with various medical devices. It has a root-mean-square accuracy of 0.25 mm and a sampling frequency of 30 Hz, and it communicates with the robot control personal computer (PC) through a USB serial port at up to 1.2 Mbps maximum transmission speed. It has a pyramidal measurement range of up to 2,400 mm (with some options offering 3,000 mm), and 6-DOF information can be extracted and saved as a log file to allow checking. ), then the rotation can be described by the following quaternion:
Quaternions are less intuitive than Euler angles, but they avoid the gimbal lock problem that arises with Euler angles. This method is, therefore, widely used in the field of robotics as a representation of rotation. 17) The output, saved as a text file, had a total of seven parameters: three spatial coordinates and four for the quaterion. These defined the position and rotation of the marker, which could then be used by motion detection and control software.
2) Robotic couch and controller
A six-axis articulated robotic manipulator (HA006-04, Hyundai Heavy Industries Co., Ltd., Korea), optical 3D tracking system, and robot controller were connected to PC and controlled as an integrated system. The treatment couch, made of carbon fiber, was connected to the last link of the articulated robotic manipulator. The weight capacity of the industrial six-axis vertical articulated robot was 6 kg. The couch system was capable of translational as well as rotational motion. Mechanical parameters and specifications were summarized in our previous study. 2) To control the robotic couch, we modified the software for measuring the signal using the tracking system so that it sent the couch a displacement signal. The software used the same framework as the tracking system to measure the position of the marker. We modified the software to measure and predict the position of the marker and send an appropriate compensation signal to the robotic couch.
To determine the displacement signal to be sent to the couch, the tracking system first measured the position of the marker and then used this to calculate its predicted position; the displacement signal for the predicted position was then sent to the robotic couch for the compensation. 
We first removed the translational dependency by subtracting the centroid of each set to calculate R.
The centroid of each set was calculated as in Eq. 3 and subtracted from each coordinate according to Eq. 4:
The error then only depended on the rotation matrix (R).
The rotation matrix minimized error can be calculated by matrix multiplication (*) of the lower and upper matrices of the singular value decomposition (SVD) result of H in Eq.
After calculating the rotation matrix, we calculated the translation matrix by applying the rotation matrix to the centroid of measured and real coordinates as follows:
The calibration was performed immediately before sending the predicted displacement signal to the robotic couch.
Prediction algorithm
For the couch control to compensate for breathinginduced motion, we used the method of predicting the next position of the phantom. When patient motion data detected by the tracking system was sent to the robot controller as an input signal, there was a delay time between the measurement and robot operation, which depended on the work environment or specification.
It was, therefore, necessary to measure the latency for making appropriate predictions for a given environment.
Some related studies have proposed the main qualitative criteria for choosing the prediction algorithm. 18) A prediction algorithm needs to allow fast calibration for each new patient and should be able to reflect, in real time, the movement of the tumor with the patient's respiration.
In addition, the method should preferably be easy to implement with any hardware system. In this study, we applied linear extrapolation (LE) and a slightly modified double exponential smoothing (ES2) algorithm.
1) Linear extrapolation
Linear extrapolation (LE) is a prediction method based on the most recent measurement values. No calibration or conditions are required, and the calculation is simple, allowing it to be easily applied to any hardware or equipment. If the current time is t and the time the prediction is required for is t+h, then it is assumed that the signals from t−h to t are of the same size and in the same direction. This can be expressed as follows:
2) Double exponential smoothing 
where α is the level smoothing factor and β is the trend smoothing factor, which are both between zero and one;
in this study, α=0.7 and β=0.6 were used. The parameter s t gives the y-intercept (level), whereas b t is the slope at time t.
The 
3) Test phantom
To ensure that the robotic couch appropriately compensated for the movement of the phantom by following that motion, we tested prediction algorithms described above 
Results and Discussion

Analysis of couch dynamics (latency)
The experiment using the stage rotation phantom showed the average latency between the measurement and robot operation to be 200 ms. Fig. 3 shows the marker displacement data acquired by the tracking system without applying a prediction algorithm. This shows that the movement of the couch followed that of the phantom with an interval corresponding to the latency.
Patient respiratory motion
We firstly performed simulations based on the patient respiratory data to ensure that prediction algorithms per- Conversely, the ES2 method is used when there is a trend in the signal and it provides a more reasonable prediction by calculating the two parameters; the level and slope of the predicted value. In addition, the analysis of the ES2averaging algorithm is also important. We tried to reduce the amplified noise or jitter by using the averaging filter.
ES2-averaging outperformed simply ES2; we consider this to be because the ES2-averaging algorithm can reduce random errors in original data by averaging the three values before the prediction. Because the final prediction value has been predicted in that state, it can be regarded as having only prediction errors. Conversely, in simple ES2 Fig. 4 . Improvement ratios for the simulation and experimental studies. During the qualitative evaluation, the couch moved in the opposite direction to the phantom motion to compensate for its movement motion; the ideal result would, therefore, be one showing no relative motion between the phantom and couch. Fig. 5 shows marker displacements for one (patient 5) out of 12 patients studied with the various prediction algorithms in the experimental study. Only 60 s of total breathing is displayed. As can be observed from the phantom movements (indicated by the thick line), results for the ES2-averaging algorithm approached the closest to zero relative movement; this exhibited the smallest amplitude, although there existed noise at the plateau region with every patient.
A point to consider is the reason why the improvement ratio differed between patients for the same prediction method. Comparing the cases with the best and the worst improvement ratios shows that the respiratory cycles of the patients differed. The best patient case took approximately nine and half breaths over a 60 s period, whereas the worst case took approximately 14 breaths in the same time.
As described earlier, one feature of the ES2 prediction algorithm is a tendency to excessively predict when the signal direction reverses. A possible explanation of the variation, therefore, is that a smaller number of changes from expiration to inspiration (a longer respiratory cycle) may result in a lower RMSE value and higher improvement ratio. Indeed, the rest of the cases showed similar results, with the patients with shorter respiratory cycles having higher RMSE values and lower improvement ratios. In addition, the reason that the improvement ratio of the experimental results is better than the simulation is the RMSE value of no prediction, which is the standard, is about 0.5 mm lower in the simulation on average. And it is considered that the generated noise in the experiments is reduced by the averaging effect. In the simulation without the mechanical vibration, as mentioned, the difference of improvement ratio between the ES2 and ES2-averaging is about 6%, whereas the experiment shows a noticeable difference of improvement ratio 13%.
Conclusion
The purpose of this study was to install a system that compensates for the movement of a tumor due to the patient's respiration by moving the articulated robotic manipulator couch and to evaluate the performance of the proposed prediction algorithms. We applied LE, simple ES2 and ES2-averaging algorithms which can predict the latency in advance. We confirmed that the prediction algorithms worked properly in simulation and experiments and that the ES2-averaging algorithm showed the best results.
Our results suggest that the articulated robotic manipulator couch system with the ES2-averaging prediction algorithm could be widely used in the field of radiation therapy because it is a highly efficient and utilizable technology that can enhance the therapeutic effect and improve safety through a noninvasive approach.
However, because of limitations of the current prediction algorithm, we are planning to develop a method for predicting the location of a tumor using one of the machine learning techniques for better prediction results. At the same time, we plan to test the current system in a real treatment environment and evaluate the dosimetric effects on the treatment of couch tracking.
